We present an efficient, general, fast, and robust light-driven methodology based on earth-abundant elements to reduce aryl ketones, and both aryl and aliphatic aldehydes (up to 1400 TON). The catalytic system consists of a robust and well-defined aminopyridyl cobalt complex active for photocatalytic water reduction and the [Cu(bathocuproine)(Xantphos)](PF 6 ) photoredox catalyst. The dual cobaltcopper system uses visible light as the driving-force and H 2 O and an electron donor (Et 3 N or i Pr 2 EtN) as the hydride source. The catalytic system operates in aqueous mixtures (80-60% water) with high selectivity towards the reduction of organic substrates (>2000) vs. water reduction, and tolerates O 2 .
Dual cobalt-copper light-driven catalytic reduction of aldehydes and aromatic ketones in aqueous media †
Introduction
Catalysts developed for the reduction of H 2 O 1 and CO 2 2 in the context of articial photosynthesis (AP) have the potential to provide greener light-driven methodologies for sustainable synthetic methods.
3 The production of ne chemicals has less scaling and economic restriction than the synthesis of energy carriers. In this regard, using catalytic systems derived for AP to perform selective organic transformations is highly appealing. 3c,d,4 Remarkable examples of catalytic systems based on semiconductors, 5 enzymes, 4a-c,i,6 and, more recently, homogeneous catalysts, 4j,7 although with reduced scope or selectivity, have been shown to be active for specic transformations.
For instance, semiconductor materials, such as TiO 2 or CdS, provide much lower redox potentials, promoting direct reduction reactions via one or two photoinduced electron transfer processes, but at the expense of using UV light, novel metals, and/or obtaining low to moderate selectivity (Scheme 1).
5a-g The asymmetric reduction of acetophenones and a-ketoglutarate has been achieved by coupling (i) a sacricial electron donor, (ii) a photosensitizer, (iii) a noble-metal-based catalyst, (iv) an electron carrier, and (v) an enzyme that carries out the enantioselective transformation. 4a-c,i,6 Results of the latter case show that selective light-driven reduction of organic substrates, using water as a formal dihydrogen source, is a feasible transformation, albeit limited to a specic substrate. 4a-f,i However, due to the complexity of these catalytic systems, optimization and mechanistic studies are difficult.
The combination of photoredox catalysts with well-dened molecular complexes is a powerful approach towards lightdriven reduction of organic molecules. 8 The introduction of a photoredox catalytic cycle potentially enables the use of water and an electron donor as reductive equivalents, while organometallic or coordination complexes can serve as selective hydrogenation catalysts with a broad scope. In this regard, coordination complexes based on Rh, 4j Ru, 7b and Ir 7c have been explored. A remarkable example is the one reported by König and co-workers for the selective visible light photoreduction (l ¼ 455 nm) of aldehydes to alcohols in the presence of ketones. This catalytic system consists of proavine (PF) as the photocatalyst and [Cp*Rh III (bpy)Cl]Cl as a well-known hydrogenation catalyst in the presence of triethanolamine (TEOA) as a sacricial electron donor.
4j Nevertheless, while aldehydes can be easily reduced using this system, ketones are not suitable substrates (Scheme 1).
Furthermore, remarkable efforts have been focused on developing hydrogenation catalysts based on earth-abundant elements.
9 However, they are usually sensitive to O 2 . Therefore, catalysts based on earth-abundant elements that are resilient to O 2 , operate in H 2 O, and can reduce organic substrates using light as the energy source and water/an electron donor as a source of hydrides could have a benecial impact in the synthesis of drugs, pesticides, and organic chemicals in general.
10 In this vein, efficient catalysts for the reduction of water to hydrogen such as cobalt complexes based on glyoxime, ligands are promising candidates as hydrogenation catalysts of organic substrates under similar reaction conditions.
1f,h,12
Mechanistic investigations of these systems suggest that molecular [Co-H] species are key intermediates in H 2 formation.
13 Therefore, photochemically obtained [Co-H] intermediates based on these ligands could potentially be catalytic intermediates for the reduction of organic functionalities in H 2 O using amine/H 2 O as a hydride source (Scheme 1).
Herein, we present a methodology to reduce aromatic ketones and both aliphatic and aromatic aldehydes using dual cobalt-copper light-driven catalysis using H 2 O/ (Et 3 N or  i Pr 2 EtN) as a hydride source (Scheme 2). The dual metal catalytic system is formed by an aminopyridine cobalt complex (1) and [Cu(bathocuproine)(Xantphos)](PF 6 ) 14 (PS Cu ) (bathocuproine ¼ 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline and Xantphos ¼ 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene) as the photoredox catalyst (Scheme 2). Our reactivity studies suggest a common intermediate, most probably [Co-H] , is responsible for the reduction of organic substrates and water. Using water/ amine and light as reductive equivalents, we achieved a selective catalytic reduction of aromatic ketones in the presence of aliphatic ketones, aliphatic aldehydes, aliphatic alkenes, and alkynes. This unique selectivity is rationalised based on reactivity and isotopic labelling.
Results and discussion
For explorative purposes we examined the metal-catalyzed lightdriven reduction of acetophenone (9a) as a model substrate under similar conditions to those recently reported by our group for the reduction of water to H 2 .
15 Acetophenone (66 mM),
[Ir(bpy)(ppy) 2 ](PF 6 ) (PS Ir , ppy ¼ 2-phenylpyridine) (0.5 mol%) as the photoredox catalyst and Et 3 N (2.1 equiv.) as the electron donor were mixed in a solvent mixture H 2 O : CH 3 CN (3.5 : 1.5 mL) and irradiated for 5 h at 447 AE 20 nm using an in-house developed high throughput photoreactor, which allows for temperature and light intensity control (Fig. SI.1 Control experiments demonstrated that all components are required for the light-driven reduction of acetophenone (9a) (see Table SI .1.1, † entries 12-14).
Light-dark cycles for the reduction of 9a show that the formation of the corresponding reduced alcohol 10a stops in the dark and is restored upon irradiation with similar kinetics (Fig. 1 ). This indicates that the catalytic system is not degrading in the absence of light. The reaction is selective; the only organic products detected from An important amount of H 2 was detected in the headspace of the reaction vials. Interestingly, the substrate inhibited the hydrogen evolution; the higher the substrate concentration the higher the inhibition. More importantly, the total amount of H 2 + 10a formed was constant for all tested concentrations of 9a, which suggests competing pathways with a common intermediate (Fig. 2) . Control experiments discard the idea that photogenerated H 2 is the reducing agent of acetophenone. The reaction does not proceed in the dark under an H 2 atmosphere and reaction rates under visible-light are essentially the same under H 2 or N 2 atmospheres, without induction time (see Fig. SI .1.12 †). Finally, Hg poisoning experiments did not modify the reaction outcome (61% yield 10a), suggesting that the main catalytic activity is derived from a molecular system.
16
Light-driven hydrogen evolution and ketone reduction activity of representative cobalt complexes: choosing the right cobalt catalyst
We hypothesised that the reaction mechanisms for the cobaltcatalysed light-driven catalytic reduction of both H 2 O and ketones share the same key cobalt-hydride intermediate. Therefore, a series of aminopyridine based cobalt complexes, known to be active for water reduction, were evaluated for the photocatalytic reduction of 9a. We studied cobalt complexes with pentadentate (2-4) 17 and tetradentate (5-7) 18 chelating nitrogen ligands as well as commercially available cobaloxime 8 19 and vitamin B 12 (Scheme 2). Remarkably, all cobalt complexes (1-8) except vitamin B 12 showed photocatalytic activity in the reduction of 9a (<0.5% yield of 10a) (Table SI.1.3 †). The observed catalytic activity strongly depends on the nature of the cobalt complex employed. For instance, the most efficient complex, 1 (65% yield, initial rate ¼ 0.065 mmol 10a per h) is about 2 fold more reactive than complex 2. Next, we evaluated the selectivity of the reduction of 9a vs. water. Without 9a, all complexes (except vitamin B 12 ) produced large quantities of H 2 under both typical conditions for H 2 evolution and our optimized conditions for the reduction of ketones (Fig. SI.1.3 and 4 †). However, in the presence of 9a, we observed notable differences in the selectivity of 9a vs. H 2 O reduction among the cobalt catalysts tested, which illustrate that selectivity can be tuned by the ligand employed (Fig. 2 ). For instance, cobalt complexes bearing aminopyridine tetradentate ligands offer high selectivity towards H 2 evolution (ratio (H 2 / 10a): 3.6-13.9), while pentadentate ligands display an excellent selectivity towards the reduction of 9a (ratio (10a/H 2 ): 1.7 and 0.8 for 1 and 2, respectively). Based on these results a general trend can be derived for each set of complexes: the higher the ligands' basicity, the more active the catalyst is for ketone reduction.
Among the studied complexes, 1 is the most active and selective catalyst towards ketone reduction. The observed selectivity is remarkable since [9a] (16.5 mM) is about 2500 fold lower than [H 2 O] (>40 M) and it is expected that M-H intermediates react very rapidly with water to form H 2 .
Dual cobalt-copper light-driven catalytic reduction
Encouraged by the excellent performance of 1 we carried out further optimization studies. (Fig. SI.1.9 †) . Indeed, the reduction of 9a was quantitative when the reaction was carried out under air atmosphere and in non-degassed solvents in a crimped vial without headspace. We rationalize the result by the potential capacity of the catalytic system to reduce O 2 to H 2 O and the remarkable stability of our catalytic system under air.
15
Moreover, quantitative reduction of acetophenone can be obtained even at 0.25 mol% of cobalt catalyst (TON ¼ 1400) (Table  SI. 1.6, † entry 14) .
A wide range of alkyl aryl ketones can be reduced to the corresponding alcohols by using 1 (1 mol%) and PS Cu (1.5 mol%) in a H 2 O : CH 3 CN : Et 3 N (6 : 4 : 0.2 mL) solvent mixture under N 2 with 5 h of irradiation at 447 nm. In general, isolated yields are high (Table 1 ), but are affected by the size of the alkyl group of the ketone. The electronic effects of the substrate inuence the reaction as illustrated by the lower alcohol yields observed in the case of electron rich ketones such as 9k and 9l (40 and 42% respectively). The catalytic system developed is selective towards aromatic ketones. Aliphatic ketones, such as cyclohexanone (9z) or nonan-2-one (9aa) almost do not react (<5% yield). The developed methodology tolerates uorine and chlorine substituted aromatic rings (9s-9x), which are reduced to the corresponding alcohols (10s-10x) in high yields (81-95%) (Table 1) . However, brominated substrates such as 4-bromoacetophenone (9ab) and 2-bromo-4-methylacetophenone (9ac) quantitatively give the dehalogenated products 10a and 9p, respectively. The expected reactivity of aromatic ketones under reductive enough photochemical conditions, is the formation of ketyl radical species via single electron transfer, which nally dimerize to form pinacols.
5c In this regard, efficient photoredox catalytic protocols for the reductive coupling of aldehydes and ketones have been developed by the groups of Sudo 20 and Rueping. 21 We noted that the formation of pinacols is suppressed for the tested ketones in the presence of the cobalt catalyst 1.
The catalytic dual PS Cu /1 system can be applied for the reduction of the aromatic aldehydes 11a-11c, which are converted to the corresponding alcohols with excellent yields (Table  1) . On the other hand, the aliphatic aldehydes 11d-f were reduced with lower yields and required further optimization (see Tables SI.1.8 and 9 †). We found that using a bulkier electron donor (diisopropylethylamine (DIPEA)), increasing catalyst loading (up to 6%), decreasing the substrate concentration (down to 8.7 mM), and performing the reaction at lower temperature (15 C) improved the yield of the targeted alcohol 12e up to 64% ( 14 †) . This aspect will be further addressed in the mechanistic discussion.
Chemoselectivity
Stoichiometric competition experiments showed that the photocatalytic system is able to reduce acetophenone (9a) selectively in the presence of 1-phenylpropan-2-one (9ad), cyclohexanone (9ae) or 2-acetyl-1-methylpyrrole (9af) (Scheme 3). We also carried out competition experiments between 9a and aliphatic aldehydes (11d, 11e and 11f). Extraordinarily, the aromatic ketone was quantitatively reduced with an excellent unexpected selectivity in all three cases (Scheme 3 and Fig. 3 ). GC monitoring of the reactions showed that 9a was consumed and converted to 10a, whereas the aliphatic aldehyde remained virtually intact (Fig. 3 and SI.2.129-146 †). In addition, this preference for aromatic ketones is extended to aliphatic ketones, aliphatic alkenes, and aliphatic alkynes as showed by the reduction of 1-phenyl-1,4-pentanedione (9ag), 1-phenyl-1,4-penten-1-one (9ah), and 1-phenyl-4-pentyn-1-one (9ai) as model substrates to their corresponding aromatic alcohols (Scheme 3).
The selective reduction of aromatic ketones versus highly reactive aliphatic aldehydes is not straightforward. Current methods rely on protection-deprotection steps or on the trapping of the aldehyde using stoichiometric amounts of lanthanide salts.
24 The latter methodology is known as the Luche reaction, and the most common conditions are the use of 1 equiv. of CeCl 3 and 1.5 equiv. of NaBH 4 in EtOH : H 2 O mixtures at low temperature. 24a,24b,24f On this basis, we compared the selectivity of our methodology with both direct reduction with NaBH 4 and the Luche reaction, for the reduction of substrates 11e and 11d in the presence of 9a (Scheme 4). As expected, NaBH 4 did not yield satisfactory selectivity, however, neither did the Luche reaction, even when using fewer equivalents of NaBH 4 (see Scheme SI.1.6 † for further details). In contrast, the dual cobalt-copper light-driven catalytic reduction affords excellent selectivity (Scheme 4).
Mechanistic investigations
We performed mechanistic studies based on isotopic labelling, radical clock experiments, and computational modelling to rationalize the unique selectivity of the developed dual Cu/Co photocatalytic system and to shed some light on the mechanism of action. [a]
35 [b] 50 and [c] 30 min reaction, respectively. The isolated products were identified and characterized using NMR Spectroscopy.
Isotopic labelling studies
The photocatalytic reduction of several aromatic ketones (substrates 9a, 9b, and 9j) and the aliphatic aldehyde 11d with the dual PS Cu /1 catalytic system in D 2 O and an excess of Et 3 N enables the incorporation of deuterium atoms in the resulting alcohol products with high yields (Scheme 5). All of the alcohol products analysed show nearly quantitative incorporation of deuterium atoms at the carbonyl and its a-position. Incorporation of deuterium at the a-position of the carbonyl is consistent with a keto-enol tautomerization due to the basic reaction conditions, as suggested by the blank experiments without cobalt. In the case of the aliphatic aldehyde 11d, the incorporation of a deuterium atom into the a-position of the carbonyl group was only about 40%. This is in contrast to the more than 90% incorporation of deuterium at the same position that was observed for the ketone derivatives.
Radical clock experiments
Ketones containing a 2-aryl-cyclopropyl moiety at the a-position are commonly used as diagnostic probes for reductions involving a single electron transfer (SET) mechanism. If a SET step is involved, it will trigger cyclopropane ring opening with a rate constant in the range from 10 5 to 10 7 s À1 . 25,26 Thus, we evaluated the cyclopropyl phenyl ketone 9ai under reaction conditions with and without the cobalt catalyst 1 (Scheme 6) with the aim of unravelling mechanistic information about the reduction step.
In this regard, the reduction of phenyl cyclopropyl ketone 9ai forms only the ring-opening product 9 0 ai albeit in 30% yield.
The same result was obtained in the absence of the cobalt catalyst 1. The reaction proceeds via a ring opening followed by a HAT from the [Co-H] intermediate to the benzylic radical (homolytic pathway) or by a reduction followed by [a]
Light-driven conditions: 1 (1 mol%), PS Cu (1.5 mol%), substrate A + B (16.5 mM, 1 : 1), in H 2 O : CH 3 -CN : Et 3 N (6 : 4 : 0.2 mL) irradiated (447 nm) for 5 h at 30 C under N 2 .
[b] Luche reaction conditions: CeCl 3 $7H 2 O (1 equiv. molar), NaBH 4 (1.5 equiv. molar), substrate A + B (16.5 mM, 1 : 1), in EtOH : H 2 O (4 : 6 mL) for 15 min at 0 C under air. The same conditions but with NaBH 4 (0.5 equiv. molar) are also shown. [c] NaBH 4 (1 equiv. molar), substrate A + B (16.5 mM, 1 : 1), in MeOH (10 mL) for 15 min at rt.
[d] Analysis after 35 and [e] 30 minutes of irradiation. The percentages show the conversions of the substrate from which the product derives and percentages in brackets show the yield of the reduced product. a protonation. These results suggest that a SET from the photoredox catalyst to the ketone yields the corresponding ketyl radical anion. Indeed, this process is thermodynamically accessible (DG ¼ 1.6 kcal mol À1 ) since the redox potential of 9ai is À1.6 V vs. SCE and the E 1/2 of PS Cu is only about 70 mV lower.
This result indicates that, for ketones and aldehydes with similar redox potential, the ketyl radical anion can be formed under catalytic conditions. However, these radical clock experiments do not allow for the discrimination between possible interceptions of the ketyl radical anions by [Co-H] species via HAT and a possible direct reduction of the carbonyl groups via a hydride transfer mechanism.
DFT modelling
In order to explain the remarkable selectivity for acetophenone (9a) versus water reduction, we computed the free energy barriers associated with the reduction of water and 9a by the cobalt(II) hydride species ([1
II -H]).
Computational studies were conducted with the Gaussian09 soware package. Geometry optimizations were performed with the B3LYP functional and the 6-31G* 6d basis set for all atoms, including the effect of the solvent (SMD implicit solvent model) and dispersion interactions (Grimme-D 2 correction). A cluster of three water molecules has been introduced into the model to account for hydrogen bonding and the micro-solvation sphere around the ketone and water substrates. Free energy values (G) were obtained by including thermal (G corr. ), solvation (G solv. ) and dispersion corrections (E disp. ) to the potential energy computed with the 6-311+G** 6d basis set on equilibrium geometries:
(1)
Gibbs energies have also been adjusted to the concentration of all of the species as well as to the pH of the reaction. Concentration effects were quantied using computation of the free energy change associated with the conversion from a standard state of 1 atm in the gas phase to the desired concentration (DG o/ *). Thus, the nal absolute free energies for each species were evaluated as:
See ESI 3 † for the complete computational details and Fig. SI.3 .2-3.5 † for relevant geometrical data.
Computational modelling supports the idea that under catalytic conditions the [1
II
-H] species is easily accessible (Fig. SI.3 -H] to the carbonyl group of the ketone was considered (Fig. 4) 
, and the metal center has a Hirshfeld charge of À0.18 and a relevant spin density (Fig. 5A) . Finally, the hydride moiety is transferred to the ketone and the resulting negatively charged product is stabilized by an aqueous solvation sphere surrounding the oxygen atom (DG ¼ À8.1 kcal mol À1 ). The thermodynamically feasible protonation of the alkoxide leads to the nal product. For comparative reasons, the hydride transfer mechanism from a Co III -H moiety has also been considered, but a DG ‡ > 30 kcal mol À1 is obtained due to its reduced hydride character (Fig. SI.3 .11 †).
Scheme 5 Deuterium labelling studies of aromatic ketones (9a-b, j) , and aliphatic aldehydes (11a).
[a]
Alternatively, we have explored a homolytic pathway for the ketone reduction. This mechanism starts with a single electron transfer (SET) from the reduced copper photoredox catalyst (E (exp) (PS Cu ) ¼ À1.53 V vs. SCE) to 9a to give a ketyl radical species (9a ketyl ), which is then trapped by [1 II -H] via a hydrogen atom transfer (HAT) mechanism (Fig. 4) Fig. 4 ) that is higher in free energy than the direct hydride transfer of [1 II -H] to 9a by 7.2 kcal mol À1 .
In the late transition state structure, the transferred hydrogen (r(H) ¼ À0.11) is closer to the C-O group (r(C-O) ¼ 0.77) than in the previously discussed hydride pathway (d(Co-H) ¼ 1.603 A and d(H-C) ¼ 1.873 A). The ketone shows a substantial spin density (Fig. 5B) and is antiferromagnetically coupled to the cobalt, evolving the nal alkoxide product and the formal one electron reduction of the cobalt center (r(Co) ¼ 1.61). It has also been considered that the reduction reaction may start with a proton coupled electron transfer to generate the O-protonated ketyl radical (DG ¼ 3.8 kcal mol À1 at pH ¼ 12).
However, the total energy barrier for the product formation is substantially higher in free energy (DDG ‡ ¼ 8.4 kcal mol À1 , see Interestingly, the kinetic barrier of the hydride transfer mechanism for 9a (DG ‡ ¼ 11.1 kcal mol À1 ) is lower than that for the water reduction by 1.1 kcal mol À1 (Fig. 4 and SI.3.12 †). This free energy difference is in agreement with the selectivity observed. Indeed, the large water content (>2500 fold) in comparison to acetophenone (about 15 mM) would explain the similar rates found for H 2 evolution and 9a reduction (Fig. 2 and 4) . As a summary of the mechanistic studies, we propose that the hydride mechanism is prevalent, although we cannot discard the SET-HAT mechanism. It is known that under catalytic conditions PS Cu is excited by light (*PS Cu ) and reductively quenched by the electron donor (ED) -H] species. Then, two different mechanistic scenarios are postulated for the reduction of ketones and aldehydes to alcohols. One possibility is a SET-HAT mechanism in which a single- Fig. 6 , right) should be considered. Our DFT studies support the heterolytic mechanism. However, the observed pinacol formation in the absence of 1 as well as the observed ring-opening products in the radical clock experiments support a SET-HAT mechanism, which should therefore be considered as well, especially for those substrates that can be easily reduced. Further studies are needed to clarify the feasibility of SET-HAT under our catalytic conditions.
Conclusions
We report a new methodology based on a dual cobalt-copper catalytic (1 and PS Cu ) system that is able to reduce aromatic ketones and both aromatic and aliphatic aldehydes using H 2 O and an amine (Et 3 N or i Pr 2 EtN) as the source of hydrides and visible light as the driving force. Remarkably, the system is highly selective towards the reduction of the organic substrates in the presence of water (>2000 fold). Moreover, replacement of H 2 O by D 2 O results in the formation of a,b-deuterated alcohols. Our results show that the selectivity towards the reduction of organic functionalities versus water is catalyst controlled, allowing for further improvements and developments. Moreover, the system presents a unique selectivity for the reduction of acetophenone versus aliphatic aldehydes. Indeed, this selectivity is unprecedented for metal catalysed transformations. The present system benets from avoiding protecting-deprotecting steps and the use of stoichiometric amounts of lanthanides, which are required in other reduction methods of ketones and aldehydes. Our mechanistic studies and DFT modelling suggest that the well-dened cobalt hydride is a common intermediate in the reduction of both organic substrates and water. Reactivity experiments support a hydride transfer mechanism for substrates with low redox potentials (<À2 V), such as aliphatic aldehydes. Nevertheless, both homolytic and heterolytic pathways could coexist depending on the redox potential of the substrate.
We envision that other photocatalytic water reduction catalysts might also be active for the reduction of several organic functionalities. These results are in line with the development of selective organic reductions and synthesis of solar chemicals via articial catalytic systems.
